Drought is one of the main environmental constraints that can reduce plant yield. Nitric oxide (NO) is a signal molecule involved in plant responses to several environmental stresses. The objective of this study was to investigate the cytoprotective effect of a single foliar application of 0, 1, 10 or 100 µM of the NO donor sodium nitroprusside (SNP) in sunflower plants under water stress. Water stressed plants treated with 1μM SNP showed an increase in the relative water content compared with 0 μM SNP. Drought reduced the shoot dry weight but SNP applications did not result in alleviation of drought effects. Neither drought nor water stress plus SNP applications altered the content of photosynthetic pigments. Stomatal conductance was reduced by drought and this reduction was accompanied by a significant reduction in intercellular CO 2 concentration and photosynthesis. Treatment with SNP did not reverse the effect of drought on the gas exchange characteristics. Drought increased the level of malondialdehyde (MDA) and proline and reduced pirogalol peroxidase (PG-POD) activity, but did not affect the activity of superoxide dismutase (SOD). When the water stressed plants were treated with 10 μM SNP, the activity of PG-POD and the content of proline were increased and the level of MDA was decreased. The results show that the adverse effects of water stress on sunflower plants are dependent on the external NO concentration. The action of NO may be explained by its ability to increase the levels of antioxidant compounds and the activity of ROS-scavenging enzymes.
INTRODUCTION
Lower rainfall is observed in many regions worldwide, causing many negative plant responses such as lower dry weight accumulation and lower rates of carbon assimilation (Álvarez et al., 2011) . Water stress also causes an overproduction of a variety of reactive oxygen species (ROS) such as hydrogen peroxide and singlet oxygen which are potentially harmful to all cellular components. Plant cell evolved an antioxidant system composed of nonenzymatic and enzymatic components that play a critical role in neutralizing the free radicals which can affect the cellular stability. The ability to maintain a high antioxidant system activity under water stress depends on plant species, stress intensity and duration (DaCosta & Huang, 2007) , with the high antioxidant enzyme activity levels been positively related to drought resistance (Ghahfarokhi et al., 2015; Sairam & Srivastava, 2001) .
Under a variety of stresses, active solute accumulation of compatible solutes such as proline is claimed to be an effective stress tolerance mechanism. Proline works as both an osmoprotectant and as a redox-buffering agent possessing antioxidant property under conditions of stress (KaviKishor & Sreenivasulu, 2014) . Accumulation of proline under drought stress was found in several plants, particularly in young leaves (Cechin et al., 2006) . Furthermore, foliar applied proline ameliorated the adverse effects of water stress on growth and photosynthetic capacity of two maize cultivars (Ali et al., 2007) . The osmolyte accumulations in plant cells may therefore be important in maintaining various physiological processes in operation even under stressed conditions. Nitric oxide (NO), a molecule that is highly diffusible through cellular membrane due to its lipophilic nature, is involved in several physiological, biochemical and developmental processes in plants (Krasylenko et al., 2010 and references therein) . NO is itself a reactive nitrogen species (RNS) produced in a variety of cells and its effects on different types of cells have proved to be either protective or toxic, depending on its concentration (Beligni & Lamattina, 1999) . Besides proline (Kahlaoui et al., 2014) , other chemicals such as sodium nitroprusside (NO donor) are currently being applied to plants exposed to stressful conditions in order to improve growth and yield (Farooq et al., 2009) . In recent years, evidences have accumulated showing that exogenous NO can alleviate the harmful effects of environmental stresses in plants such as water stress (Boogar et al., 2014; Farooq et al., 2009; Liao et al., 2012) . Therefore, the objective of the present study was to investigate whether sodium nitroprusside (SNP), a NO donor, plays an important role in protecting sunflower plants against water stress, as assessed by dry weight accumulation, gas exchange characteristics and antioxidant enzyme activities.
MATERIALS AND METHODS

Plant material and growth conditions
Seeds of sunflower (Helianthus annuus L. variety IAC-Iarama) were sown in 4 dm 3 pots filled with a 47:13:40% mixture of pinus bark: vermiculite: peat enriched with minerals. Seedlings were thinned to one per pot after emergence and were grown in a greenhouse under natural photoperiod. Maximum day and night temperatures were close to 32 and 18 °C , respectively. Plants were supplied with tap water according to the requirements and supplemented with 250 mL of 70% full strength Long Ashton nutrient solution (Hewitt, 1966) 16 and 23 days after planting. After 27 days of sowing, the plants were separated into five distinct groups: (1) plants well hydrated and without SNP (control), (2) plants under water stress and without SNP, (3) plants under water stress with 1μM of SNP, (4) plants under water stress with 10 μM of SNP and (5) plants under water stress with 100 μM of SNP. The well watered plants were watered daily according to the previous conditions, whereas the stressed plants had the water supply discontinued. Applications of SNP coincided with the onset of drought stress. The plants received a single dose of SNP, at 1, 10 or 100 μM concentrations. The well watered plants were sprayed with distilled water.
Gas exchange measurements
On the 3rd day after the induction of stress, a portable infra-red gas analyzer (LCpro, ADC, Hoddesdon, UK) was used for measurements of photosynthesis (A), stomatal conductance to water vapor (g s ), transpiration (E) and intercellular CO 2 concentration (C i ) on the youngest fully expanded leaf. Measurements were made inside the greenhouse and a photosynthetic active radiation (PAR) of 1000 μmol m -2 s -1 was supplied by a light unit mounted on the top of leaf chamber. The leaf was kept under this PAR until a steady-state rate was achieved.
Chemical analysis
The photosynthetic pigments were measured on leaf discs of known area from a leaf next to the leaf used for gas exchange. Pigments were extracted in 80% aqueous acetone and the content was calculated according to the equations proposed by Lichtenthaler (1987) . The proline content was determined according to the method described by Bates et al. (1973) and modified by Torello & Rice (1986) from oven dried and fine powder leaves and the concentration expressed on a leaf dry weight basis by using proline as standard.
The activity of pirogalol peroxidase (PG-POD; EC 1.11.1.7), superoxide dismutase (SOD; EC 1.15.1.1) and lipid peroxidation were determined on leaves next to those used for the above analysis. The extraction of PG-POD and SOD were determined according to Ekler et al. (1993) . The activity of the enzymes was determined according to Teisseire & Guy (2000) and Beauchamp & Fridovich (1971) cited by Bor et al. (2003) , respectively. The activity of PG-POD was expressed as μM min -1 mg -1 protein. SOD activity was assayed by measuring its ability to inhibit the photochemical reduction of nitro blue tetrazolium (NBT). Protein content was measured using casein as standard according to the method of Bradford (1976) . The level of lipid peroxidation was measured in terms of malondialdehyde (MDA) content, a product of lipid peroxidation, according to the method described by Heath & Packer (1968) . The MDA content was calculated by its extinction coefficient of 155 mmol L -1 cm -1 and expressed as nmol MDA per g fresh weight.
Relative water content and dry mass determination
At the end of the experiment (4 days after stress induction), the leaf relative water content (RWC) was determined as:
( 1) where FW is the fresh weight obtained immediately after the removal of leaf discs; TW is the turgid weight determined after rehydration of the discs for 3 h and DW is the dry weight obtained after drying the discs in an oven at 60 °C for 48 hours. Plants of each treatment were selected randomly for shoot dry weight determinations. The sunflower plants were divided into stem and leaves before been oven dried at 60 °C for 48 hours.
Statistical analysis
The statistical tests were conducted using the Software Statistical Package for the Social (SPSS/PC) version 9.0 at 5% significance level. Quantitative changes of different parameters were analyzed through analysis of variance (ANOVA), with Tukey's honestly significant difference multiple comparison test being used to determine significant differences among treatments.
RESULTS AND DISCUSSION
Similar to other environmental stresses, drought affects many physiological and metabolic processes within plants thus resulting in lower dry weight accumulation. Plant response to stress is first characterized by a rapid inhibition, followed by adaptation to the new condition (Skirycz & Inzé, 2010) . After four days of stress imposition, leaf and shoot dry weight and RWC were reduced about 23%, 22% and 13%, respectively but stem dry weight accumulation was not affected (Table 1 ). The observed reduction in leaves dry weight is a result of high sensitivity of young leaves to changes in water supply (Cechin et al., 2006) since cell division and elongation are influenced by leaf water status or cell turgor (Heckenberger et al., 1998) . Applications of SNP in wheat seedlings has been found to confer water deficit tolerance by maintaining more water than the well watered plants (García-Mata & Lamattina, 2001) . In this study, althought short-term SNP applications of 1μM under water stress resulted in an increase of 7% in RWC compared with 0 μM SNP this did not result in improvement of plant growth. Applications of NO have been used to improve crop growth under various abiotic stresses, with contradictory results. Foliar-applied NO has been reported to enhance growth only under non-stressed conditions (Kausar et al., 2013) or under both non-stressed and salt stressed conditions (Uchida et al., 2002) . This conflicting results might be related to many factors such as species, SNP concentration and duration of applications. In this study, water stress did not occur abruptly, but developed slowly and increased with time in intensity. The lack of 10 μM SNP beneficial effect on sunflower plant dry weight accumulation under water stress as seen for proline, PG-POD and MDA (Figure 1 ) might be ascribed to the fact that the dry weight was measured after 4 days of the beginning of water stress. Under short period of water stress the physiological responses are easily seen whereas morphological changes are not. David et al. (1998) found that dehydration increased the chlorophyll content in young leaves and that it was slightly decreased in the older ones, suggesting that the contribution of mesophyll limitations in the inhibition of photosynthesis increases with leaf age. The carotenoids that are intrinsic components of chloroplastic membranes have been reported to decrease (Yildiz-Aktas et al., 2009) or to increase significantly (Guha et al., 2012) under drought. No significant changes in the concentration of total chlorophyll or carotenoids were observed in sunflower plants under water stress without SNP when compared with non-stressed plants without SNP (Table 1) . It has been found that NO applications increased leaf chlorophyll of plants under water stress, suggesting that NO treatment protected the photosynthetic apparatus (Fan & Liu, 2012) . This phenomenon was not observed in the present study. The inconsistent findings observed in plant responses to water stress and to application of NO may be related to the different approaches used by the authors or to the variation in sensitivity among species.
The RWC of leaves and photosynthesis are under control of stomata and stomata closure is one of the first responses to drought. A small decline in stomatal conductance under mild water stress may have protective effects against stress by saving water and improving water-use efficiency by the plant. Sunflower plants showed a remarkable reduction in stomata conductance without significant reduction in transpiration rate after three days of water stress which were not altered by SNP concentration (Figures 2a,b) . This results contrast to those reported by García-Mata & Lamattina (2001) who found that exogenous NO was able to induce stomatal closure under water stress. In addition, the authors showed that the stomata closure was correlated with a 10% increase in RWC. However, through elegant experiments, Ribeiro et al. (2009) reported that the effect of NO depends on the hydration conditions of the tissues. The authors demonstrated that the NO is not involved in the stomata closure under water stress conditions in Arabidopsis thaliana but in well-hydrated tissues. Althought in the present study the effect of NO in well-hydrated plants was not evaluated it seems that the observed effect of NO in water stressed plants is similar to that found by Ribeiro et al. (2009) .
Stomatal closure without a change in mesophyll capacity results in lower concentration of intercellular CO 2 . In this study, the reduction in stomata conductance under water stress without or with application of SNP was accompanied by a significant reduction in the concentration of intercellular CO 2 and photosynthesis (Figures 2d,c) . By removing the lower epidermis of sunflower leaves, Tang et al. (2002) were able to demonstrate that CO 2 depletion was responsible for reduction in photosynthesis only in the early phases of water stress. However, Tezara et al. (1999) stated that metabolic inhibition of photosynthesis also takes place at mild water stress and it becomes more important as the water stress intensifies. Although the decline in photosynthesis and stomata conductance are often taken to indicate that photosynthesis is affected via stomatal limitation it is interesting to note that in this study the reduction in stomata conductance was higher than in the concentration of intercellular CO 2 . Substantial increase in intercellular CO 2 concentration was observed with prolonged water stress in sunflower plants, suggesting that the photosynthesis came gradually under control of mesophyll metabolism (Cechin et al., 2008) . In present study, the decrease in photosynthesis observed in sunflower plants under three days of water stress with or whitought SNP was likely due to stomatal closure rather than reflecting a reduction in chloroplast activity, since intercellular CO 2 concentration decreased in response to water restriction. NO is an important signaling molecule with diverse functions in plants and its production can be triggered by several abiotic stresses (Fan & Liu, 2012; Yang et al., 2011) or its endogenous level be increased by applications of NO donors under both normal and stress conditions (Boyarshinov & Asafova, 2011; Fan & Liu, 2012) . Increase in endogenous NO via application of NO donors has been shown to improve the photosynthetic performance in water stressed plants (Fan & Liu, 2012) , the improvement was associated with an increase in photosynthetic pigments. In this study, foliar spray of SNP failed to induce increase in photosynthetic pigments and photosynthetic performance which might be explained due to the that in the present study the plants were not pre-treated with SNP.
Different kinds of stress produce an increase in ROS, thus resulting in oxidative stress as a consequence of loss of oxidant/antioxidant balance. Increased MDA is a characteristic feature of oxidative membrane damage that has been reported as a common response to stress conditions. In this study, water stress withought SNP increased MDA of about 231% (up to 3 times) when compared with well watered plants (Figure 1d ). Suppression (35%) of MDA accumulation in sunflower leaves was observed with foliar application of 10 μM SNP in comparison with water stressed and 0 μM SNP. As low MDA level has been found to be a characteristic feature of plants tolerant to drought (Sairam & Srivastava, 2001 ; Yildiz-Aktas et al., 2009), it seems that in the present study the cell membrane of sunflower plants was in some way protected against the oxidative stress induced by water stress under foliar application of 10 μM SNP. Plants respond to stress through changes in gene expression that might lead to the production of antioxidants and allowing recovery of growth (Xiong & Zhu, 2002) . The elimination of ROS is achieved mainly by antioxidant compounds and by ROS-scavenging enzymes. Plants contain substantial amounts of carotenoids that serve as non-enzymatic scavengers of active oxygen species and the high carotenoid levels have been suggested to be a measure of drought tolerance (Chandrasekar et al., 2000) . In this study, the level of carotenoids was not altered by neither water stress nor water stress plus SNP applications (Table 1) .
Proline was found to be the major non-enzymatic antioxidant metabolite under water stress conditions, resulting in stress tolerance as a consequence of its ROS-scavenging ability (Guha et al., 2012) . It has also been shown that water stress tolerance can be induced by exogenous NO which was attributed to high accumulation of proline in plants (Lei et al., 2007) , the high accumulation of proline was attributed to exogenous NO on the activity of some key enzymes involved in the synthesis of proline . Restriction of water supply for four days resulted in an increase in proline content of about 76% when compared with well watered plants withought SNP (Figure 1a) . A further increase in proline accumulation of about 39% was observed in response to application of 10 μM SNP in comparison with water stressed plant plus 0 and 1 μM SNP. At 100 μM SNP the content of proline was decreased to values similar to water stress without or with 1 μM SNP. Although it was demonstrated that NO reduces hydrogen peroxide accumulation under water stress (Sang et al., 2008) , it is well known that NO action can lead to opposite effects depending on its concentration (Tian & Lei, 2006) . Plants control the level of ROS by several antioxidant enzymes such as pirogalol peroxidase (PG-POD) and superoxide dismutase (SOD) which are responsible for scavenging accumulated ROS. This ability to control the level of ROS is important in drought tolerance in arid and semiarid regions (Ghahfarokhi et al., 2015) . Water stress withought SNP did not affect the activity of SOD nor did the application of SNP under water stress (Figure 1c) . The figure 1b demonstrates that water stress withought SNP significantly decreased the activity of PG-POD, while the application of 10 μM SNP under water stress increased the activity of this enzyme. Thus, NO can effectively protect plants from damage probably by enhancing the activities of antioxidant enzymes (Boogar et al., 2014) or acting as a potent antioxidant in plants (Beligni & Lamattina, 2002) . In addition, it is clear in the present study that NO also can protect the plants by enhancing the levels of proline.
CONCLUSION
This study show that the adverse effects of water stress on sunflower plants are dependent on the external NO concentration. A single application of 10 μM SNP as NO donor at the beginning of water stress proved to be beneficial in alleviating the negative effects of water stress on membrane integrity as seen by lower levels of MDA. The action of NO may be explained by its ability to increase the levels of antioxidant compounds and to increase the activity of ROS-scavenging enzymes.
